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In this article, Marsh et al. find that a scaffolding protein, Tjp1b, is required for electrical synapse formation. They show that Tjp1b localizes asymmetrically in only one of the two connecting neurons, where it is required for building a functional synapse. The findings support a novel model of scaffold asymmetry at electrical synapses in vivo.
SUMMARY
Neuronal synaptic connections are either chemical or electrical, and these two types of synapses work together to dynamically define neural circuit function [1] . Although we know a great deal about the molecules that support chemical synapse formation and function, we know little about the macromolecular complexes that regulate electrical synapses. Electrical synapses are created by gap junction (GJ) channels that provide direct ionic communication between neurons [2] . Although they are often molecularly and functionally symmetric, recent work has found that pre-and postsynaptic neurons can contribute different GJ-forming proteins, creating molecularly asymmetric channels that are correlated with functional asymmetry at the synapse [3, 4] . Associated with the GJs are structures observed by electron microscopy termed the electrical synapse density (ESD) [5] . The ESD has been suggested to be critical for the formation and function of the electrical synapse, yet the biochemical makeup of these structures is poorly understood. Here we find that electrical synapse formation in vivo requires an intracellular scaffold called Tight Junction Protein 1b (Tjp1b). Tjp1b is localized to the electrical synapse, where it is required for the stabilization of the GJs and for electrical synapse function. Strikingly, we find that Tjp1b protein localizes and functions asymmetrically, exclusively on the postsynaptic side of the synapse. Our findings support a novel model of electrical synapse molecular asymmetry at the level of an intracellular scaffold that is required for building the electrical synapse. We propose that such ESD asymmetries could be used by all nervous systems to support molecular and functional asymmetries at electrical synapses.
RESULTS
Although much attention has been paid to neuronal gap junction (GJ) channel composition at electrical synapses, little is known about the functions of scaffolding proteins localized to these connections. In vertebrates, GJs are composed of two hemichannels contributed by pre-and postsynaptic neurons, with each hemichannel comprising a hexamer of connexin (Cx) proteins [6] . Adjacent to the GJs, electron microscopy has characterized electron dense structures, termed the electrical synapse density (ESD), localized on both sides of the synapse [5, 7, 8] . The ESD is likely to be analogous to the intracellular machinery found at chemical synapses, particularly the postsynaptic density (PSD), which contains a set of intracellular scaffolds required for the trafficking, stability, and function of neurotransmitter receptors [9, 10] . However, in contrast to the makeup of chemical synapses, ESD proteins, distributions, and functions are not well understood. To investigate the molecular mechanisms of ESD proteins in vivo, we use the electrical synapses of the Mauthner neural circuit in larval zebrafish, Danio rerio. The circuit is well known for creating fast escape responses to threatening stimuli [11] . The two Mauthner neurons coordinate escapes using both chemical and electrical synapses-here we focus on the electrical connections between the Mauthner axon and the segmentally repeated commissural local (CoLo) interneurons in the spinal cord ( Figure 1A ) [13] . M/CoLo electrical synapses use two Cxs to create GJs, Cx35.5 and Cx34.1; both are homologous to mammalian neuronal Cx36 and are recognized by an antibody against human Cx36 ( Figures 1A and 1B) [12] . Throughout this paper, we use the terms pre-and postsynaptic for M/CoLo electrical synapses based on three main criteria: (1) information flows from Mauthner (pre) to CoLo (post) [13, 14] ; (2) Mauthner is a bipolar neuron, and its axon (pre) makes synapses with CoLo [15] ; and (3) CoLo localizes neurotransmitter receptors (post) at a chemical synapse in close proximity to the M/CoLo electrical synapse [16] .
In a CRISPR-based reverse genetic screen, we identified Tight Junction Protein 1b (Tjp1b) as being required for electrical synapse formation ( Figure 1C ) [17] . Tjp1b is a highly conserved homolog of mammalian Tjp1, also known as ZO-1, a multidomain cytoplasmic scaffolding protein of the membrane-associated guanylate kinase (MAGUK) family ( Figure S1A ). Work in both mammals and teleost fish has found that Tjp1/ZO1 is localized to electrical synapses, yet its function and fine-scale distribution remain unknown [18] [19] [20] . In F 0 animals injected with Cas9 protein and a single guide RNA (sgRNA) targeting the tjp1b locus, we observe a mosaic loss of Cx36 staining at M/CoLo electrical synapses ( Figure 1C ). The phenotypic mosaicism is due to a delay in the mutagenic activity of the sgRNA/Cas9 complex in injected embryos, resulting in biallelic, In (E) and (I), the height of the bar represents the mean of the sampled data with each circle representing the average of 10-16 M/CoLo synapses within an animal. See associated data and statistics in Data S1 and related data in Figure S1 .
deleterious mutations in only a subset of cells [17, 21] . In mammals, there are three Tjp-encoding genes, tjp1, tjp2, and tjp3, and in zebrafish this family has expanded to include five members, tjp1a, tjp1b, tjp2a, tjp2b, and tjp3 ( Figure S1A ) [22] . Using the CRISPR screen approach, we found that only tjp1b, and none of the related tjp genes, causes a defect in Cx36 localization ( Figures S1B and S1C ). To confirm that tjp1b was required for electrical synapse formation, we generated a 16 base pair (bp) frameshifting mutation at amino acid 108 of 1,853, and we found that tjp1b homozygous mutant larvae lack Cx36 staining at all M/CoLo synapses in the spinal cord ( Figures  1D and 1E ). We conclude that Tjp1b is required for electrical synapse formation.
To test whether Tjp1b is required for electrical synapse function, we examined whether the passage of the GJ-permeable dye neurobiotin (Nb) was impaired in mutants. We retrogradely labeled Mauthner axons with Nb from caudal spinal cord transections (Figures 1F and 1G) and detected Nb within the CoLo cell bodies ( Figure 1G 0 ) [12, 16] . The Mauthner and CoLo neurons can be directly visualized using the transgenic line zf206Et(Tol-056), hereafter called M/CoLo:GFP, which expresses GFP in both neuron types [13] . In the tjp1b mutants, we found that Nb failed to transfer from Mauthner to CoLo (Figures 1H and 1I) . That Nb passage is completely blocked in the mutants supports the idea that M/CoLo electrical synapse formation is dependent upon Tjp1b function. Thus, we conclude that the MAGUK scaffold Tjp1b is required for M/CoLo electrical synapse formation and function.
We next examined whether Tjp1b localizes to Mauthner electrical synapses in the spinal cord. Previous work has found that tjp1b mRNA is expressed throughout the zebrafish central nervous system [22] , including in the regions where Mauthner and CoLos reside. To examine Tjp1b protein localization, we used an antibody against the human Tjp1/ZO1 along with antibodies that specifically recognize either zebrafish Cx35.5 or Cx34.1 [12] . We found Tjp1 staining present broadly throughout the nervous system (Figure 2A ), but also specifically at Mauthner electrical synapses (Figure 2A 0 ). In tjp1b mutants, much of the broad Tjp1 staining in the neuroepithelium remains ( Figure 2B ). However, Tjp1 staining at the contact site between Mauthner and CoLo is completely lost, along with both Cx35.5 and Cx34.1 ( Figure 2B 0 ). We wondered whether the Tjp1 antibody was recognizing multiple Tjp proteins, particularly Tjp1a and Tjp1b, which are both homologous to mammalian Tjp1. To test this idea, we generated tjp1a; tjp1b double-mutant animals, and we found that Tjp1 staining throughout the neuroepithelium of the spinal cord was lost ( Figure 2C ). In the double mutants, synaptic Tjp1, Cx35.5, and Cx34.1 were all lost, similar to the loss observed in the tjp1b single mutants ( Figures  2D-2G ). By contrast, in tjp1a single mutants, we found that local, non-synaptic Tjp1 staining was lost, whereas synaptic Tjp and Cx staining were unaffected ( Figure S2 ). We conclude that Tjp1b localizes to and is required for the stabilization of both Cx35.5 and Cx34.1 at electrical synapses.
We next investigated the precise localization, i.e., preor postsynaptic, of the Cxs and Tjp1b at electrical synapses. Our previous work used genetic manipulations of Mauthner and CoLo neurons to show that the electrical synapses require Cxs asymmetrically-Cx35.5 is required presynaptically, whereas Cx34.1 is required postsynaptically [12] . Our approach, in conjunction with immuno-electron microscopy analysis of goldfish and zebrafish electrical synapses from Pereda, Rash, and colleagues [4, 20] , supports a model of molecularly asymmetric Cxs at Mauthner electrical synapses ( Figure 2H ). To examine whether we could observe the asymmetry directly, we used the Cx35.5-and Cx34.1-specific antibodies [12] and imaged M/CoLo synapses at high magnification. Synapses could be oriented toward the microscope lens en face, revealing a broad, curved surface ( Figure S3A ), or could be observed on edge in cross-section ( Figure 2I; Figure S3B) . We focused on the cross-section views as these gave the best orientation to observe the pre-and postsynaptic localization of proteins. Although both Cx35.5 and Cx34.1 are tightly localized to the synapse with overlapping tails of fluorescent distribution, the peak of staining for each is offset from the other by $81 nm (Figures 2I and 2J ; Figures S3B-S3F). We next examined Tjp1's localization relative to the Cxs. Mammalian Tjp1 binds to Cx36 through a PDZ/PDZ-binding-ligand interaction, and these domains are highly conserved in fish Tjp1b and its potential partners Cx35.5 and Cx34.1 [12, 18, 19] . Thus, we hypothesized that Tjp1 staining would be associated with both the pre-and postsynaptic sides of the electrical synapse. However, we found that there was a single peak of Tjp1 staining that was consistently offset by $33 nm from postsynaptic Cx34.1 and $118 nm away from presynaptic Cx35.5 ( Figure 2J ; Figures S3B-S3F; all peakpeak distances are significantly different, one-way ANOVA using Bonferroni's multiple comparison test, p < 0.05). These results support a model in which Tjp1b is localized postsynaptically at these electrical synapses ( Figure 2H ).
The apparent postsynaptic localization of Tjp1b suggests that it might function asymmetrically during electrical synapse formation. To test whether Tjp1b has a differential function in pre-and postsynaptic neurons, we created chimeric animals containing cells derived from two genetically distinct embryos by transplanting cells from GFP-expressing transgenic donors into non-transgenic hosts ( Figures 3A and 3B) . In all transplant experiments, we examined synapses in which only the Mauthner or the CoLo was derived from the donor embryo and excluded those animals in which both neurons came from the donor. In control chimeras, with Mauthner or CoLo derived from wild-type transgenic donors, we saw no effect on electrical synapse formation ( Figures 3C and 3D ). Supporting our findings on Tjp1 localization, when the presynaptic Mauthner neuron was tjp1b mutant, Cx localization was not affected (Figures 3E and 3I) . By contrast, when only the postsynaptic neuron was tjp1b mutant, both Cx35.5 and Cx34.1 failed to localize at electrical synapses ( Figures 3F and 3I) . That is, Tjp1b function is required postsynaptically for the localization of both postsynaptic Cx34.1 and presynaptic Cx35.5. Additionally, we note that Tjp1 staining is still present at the synapse when the presynaptic neuron is tjp1b mutant (Figure 3E 0 ), but not when the postsynaptic neuron is tjp1b mutant (Figure 3F 0 ), supporting the idea that the scaffold is localized and required postsynaptically. We conclude that Tjp1b is dispensable presynaptically but is localized and required postsynaptically for electrical synapse formation.
Our results argue that Tjp1b is required for postsynaptic Cx34.1 hemichannel localization at synapses, which in turn transsynaptically interact with presynaptic Cx35.5 hemichannels to stabilize the GJ channel. This is consistent with our previous findings that when Cx34.1 was removed postsynaptically, Cx35.5 could not stabilize presynaptically [12] . This model predicts that upon tjp1b removal, both Cx34.1 and Cx35.5 should still be expressed by their respective neurons, and synapse formation might be rescued if postsynaptic Tjp1b is resupplied. To test this, we created chimeric animals as above except we transplanted from wild-type M/CoLo:GFP embryos into non-transgenic tjp1b mutant hosts ( Figures 3G and 3H) . We found that a (K) Molecular model of postsynaptically localized Tjp1b required for asymmetric Cxs at the electrical synapse. Tjp1 may dimerize using its second PDZ domain [23] and thereby cluster Cxs at the synapse. Molecular asymmetry may create functional asymmetry at these synapses. See associated data and statistics in Data S1.
wild-type presynaptic neuron in a tjp1b mutant did not rescue the electrical synapse ( Figures 3G and 3J) . By contrast, when only the postsynaptic neuron was wild-type (i.e., has Tjp1b) in an otherwise mutant animal the synapse was fully rescued (Figures 3H and 3J) . Thus, postsynaptic Tjp1b is sufficient to rescue both postsynaptic Cx34.1 and presynaptic Cx35.5. We conclude that electrical synapse formation requires the exclusively postsynaptic function of Tjp1b, which supports the transsynaptic stability of the asymmetric neuronal GJ channels.
DISCUSSION
Our results strongly support the notion of molecular asymmetry at the level of the intracellular MAGUK Tjp1b at electrical synapses in vivo ( Figure 3K ). This asymmetry of scaffold localization and function supports the molecularly asymmetric neuronal GJ channels found at these synapses [12] . Given that Cx35.5, Cx34.1, and Tjp1b are all expressed broadly throughout the nervous system [12, 22] , we hypothesize that the asymmetric use of these proteins results from cell biological mechanisms that direct pre-and postsynaptic components to unique neuronal compartments. In line with this idea, we previously identified Neurobeachin, an autism-associated protein, as being required postsynaptically for electrical synapse formation [16] . However, unlike Tjp1b, Neurobeachin is localized to postGolgi transport vesicles within the cytoplasm, and work in mouse and cell culture has shown that it is required for vesicular transport of proteins to the membrane [24, 25] . One possibility is that Neurobeachin may direct the trafficking of a Tjp1b/ Cx34.1-vesicular-complex to the dendrite, such that it can be incorporated postsynaptically into the GJ. Whether an analogous presynaptic scaffold is present and/or required is currently unclear. However, we find that exclusively postsynaptic Tjp1 supports synapse formation, potentially alleviating the need for a presynaptic scaffold. Thus, our findings extend the idea of electrical synapse asymmetry beyond the transmembrane Cx proteins, to the intracellular scaffolds of the ESD. This is analogous to chemical synapses, which are well known for their molecular asymmetry. For example, at excitatory chemical synapses, the MAGUK scaffold PSD95 is used postsynaptically to regulate the trafficking, insertion, and modulation of neurotransmitter receptors [10] . Are there uses for ESD asymmetry beyond synaptogenesis? Work on Mauthner electrical synapses in goldfish has found that asymmetry of pre-and postsynaptic Cxs is correlated with biased ionic flow, i.e., rectification [4] ; similarly, work in Drosophila has linked molecular asymmetry of GJ channels to functional asymmetry [3] . Our findings raise an alternative possibility, that ESD asymmetry might differentially regulate pre-and postsynaptic Cxs, providing a platform for functional asymmetry. Scaffold asymmetry may allow differential phosphorylation of Cx hemichannels [26] or may alter the local intracellular milieu in a manner that differentially gates the Cxs [27] . It is intriguing to note that in cases where Cxs are symmetric, the nervous system might use ESD asymmetry to create differential pre-and postsynaptic functions at electrical synapses. We expect that future work will continue to extend the idea of molecular and functional asymmetry at electrical synapses and that these structures will be critical to the development, function, and plasticity of neural circuits in all organisms.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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We thank the University of Oregon Fish Facility for superb animal care. We appreciate the discussions and advice from all lab members and from members of the Institute of Neuroscience and the Institute of Molecular Biology at the University of Oregon. Funding was provided by NIH Pathway to Independence Award R00NS085035 and the University of Oregon to A.C.M. Confocal imaging All images were acquired on a Leica SP8 Confocal using a 405-diode laser and a white light laser set to 491, 553, 598, and 639 nm, depending on the fluorescent dye imaged. Each laser line's data was collected sequentially using custom detection filters based on the dye. Most images were collected using a 40x, 1.2 numerical aperture (NA), water immersion lens. For each set of images, the optimal optical section thickness was used as calculated by the Leica software based on the pinhole, emission wavelengths, and NA of the lens. Within each experiment, all animals were stained together with the same antibody mix, processed at the same time, and all confocal settings (laser power, scan speed, gain, offset, objective, zoom) were identical. For relative localization of Cx35.5, Cx34.1, and Tjp1 at synapses, images were taken with a 63X, 1.4 NA, oil immersion lens at 5X digital magnification using a 1024 2 pixel image. Each synapse was visually inspected for its orientation (see text and Figure S3) and those with a view from the side were selected for protein localization analysis. For chromatic aberration controls, rabbit anti-Cx35.5 was stained with anti-rabbit-488, anti-rabbit-555, and anti-rabbit-633. For the localization of each protein, rabbit anti-Cx35.5, mouse IgG2A anti-Cx34.1, and mouse IgG1 anti-Tjp1 were stained with anti-rabbit-488, anti-mouse-IgG2A-555, and anti-mouse-IgG1-633.
CRISPR screening
Single guide RNAs (sgRNAs) were designed using the CRISPRscan database (http://www.crisprscan.org) [30] to target a conserved exon of each individual tjp gene. sgRNAs were synthesized as previously described [32] by creating a custom oligo containing a 5 0 T7 promotor sequence (5 0 -aattaatacgactcactata-3 0 ), the designed nucleotides of the target site, followed by an sgRNA overlap loop sequence (5 0 -gttttagagctagaaatagc-3 0 ). This oligo was combined with a complimentary sgRNA loop oligo containing the RNA loop required for Cas9 recognition (5 0 -gatccgcaccgactcggtgccactttttcaagttgataacggactagccttattttaacttgc tatttctagctctaaaac-3 0 ). PCR was performed with these two oligos that template one another yielding a 120bp DNA guide oligo. sgRNAs were then transcribed using the T7 megascript kit (ThermoFisher, AM1334M). sgRNA guides were combined with Cas9 protein (IDT 1074181) at 37C for 5 min in the presence of 300mM KCl, and 4mM HEPES pH7.5 before injection [21] . All experiments used a final concentration of 1600 pg/nl of Cas9 protein; those targeting individual tjp genes used a final concentration of 200 pg/nl of sgRNA, while multiplexed tjp family injections included a total of 100 pg/nl of mixed sgRNAs. A total of 1 nL of Cas9/sgRNA complex was injected at the one cell stage and 5 dpf larvae were fixed in TCA and processed for immunohistochemistry. Synapse loss was assessed by counting the number of Cx36 punctae lost per total number of M/CoLo contacts counted per fish. The CRISPR mutagenesis rate was determined by fragment analysis using the CRISPR-STAT method [28] . DNA was extracted from 6-10 CRISPR injected fish and uninjected control fish at 3dpf. PCR primers were designed to amplify a 124-285bp fragment. M13F adaptor sequence (5 0 -tgtaaaacgacggccagt-3 0 ) was added to the gene specific forward primers and used in combination with an M13F (6-FAM)-modified primer. Gene specific forward primers for tjp1b and tjp2b were directly modified with 6-FAM. Pigtail adaptor sequence (5 0 -gtgtctt-3 0 ) was added to the gene specific reverse primers for tjp1a, tjp1b, and tjp2b. 6-FAM labeled PCR products from CRISPR injected and uninjected fish were generated using Phusion polymerase or AmpliTaq Gold and analyzed by GeneWiz fragment analysis services.
Neurobiotin retrograde labeling
Anesthetized 5 dpf embryos were mounted in 1.4% agar and a caudal transection through the dorsal half of the embryo was made with an insect pin at somite 20. A second insect pin loaded with 5% neurobiotin (Nb) solution was quickly applied to the incision. Anesthetized animals were unmounted from the agar and allowed to rest for 5 hr to allow neurobiotin to pass from Mauthner into CoLos, and were then fixed in PFA and processed for immunohistochemistry. CoLo axons project posteriorly for a maximum of two segments; therefore, measurements of Nb in CoLo were analyzed at least three segments away from the lesion site.
Blastula cell transplants
Cell transplantation was performed at the high stage approximately 3.3 hr into zebrafish development using standard techniques [33] . Embryos were chemically de-chorionated with protease (Sigma Aldrich, 9036-06-0) prior to transplantation. Cells were transplanted using a 50mm wide glass capillary needle attached to an oil hydraulic [33] . For ''mutant into wildtype'' experiments, animals heterozygous for the tjp1b D16bp mutation in the M/CoLo:GFP background were crossed, and random progeny were used to transplant into non-transgenic wild-type hosts. Donor embryos were kept separate and genotyped at 1 dpf to assess the genotype of transplanted cells. For ''wildtype into mutant'' transplants, transgenic M/CoLo:GFP wild-type animals were crossed to use as donors, and nontransgenic, heterozygous tjp1b D16bp animals were crossed for hosts and hosts were genotyped. Approximately 20 cells were deposited $5-10 cell diameters away from the margin, with a single embryo donating to 3-5 hosts. 5 dpf larvae were fixed in TCA and processed for immunohistochemistry.
QUANTIFICATION AND STATISTICAL ANALYSIS
All confocal images were processed and analyzed using FiJi [29] software. To quantify the presence or absence of staining at the synapse, a standard region of interest (ROI) surrounding each M/CoLo site of contact was drawn and the mean fluorescent intensity was measured. For neurobiotin backfills fluorescent intensity was measured using a standard ROI encompassing the entire Mauthner or CoLo cell body. To analyze fluorescence intensity for the Tjp1, Cx34.1, and Cx35.5 localization experiments, a 1.2 mm ROI line was drawn orthogonal to the breadth of the synapse from pre-to postsynaptic side. The fluorescence intensity of each individual channel was measured along the ROI, and was then fit to a Gaussian curve. Each Gaussian curve was aligned based on the 488-channel and distances between the peaks of fluorescence were measured. Standard deviations and errors were computed using Prism (GraphPad) or Excel (Microsoft) software. Figure images were created using FiJi, Photoshop (Adobe), and Illustrator (Adobe). Statistical analyses were performed using Prism (graphpad) and either an unpaired t test with Welch's correction or a one-way analysis of variance with Bonferrroni's multiple comparison test was performed.
